The nerve growth factor (NGF) not only has an essential effect on the nervous system, but also plays an important role in a variety of nonneuronal systems, such as the reproductive system. The aim of this study was to compare the quality and quantity in expression of NGF and its receptors (TrkA and p75) in testes of the wild ground squirrel during the breeding and nonbreeding seasons. Immunolocalization for NGF was detected mainly in Leydig cells and Sertoli cells in testes of the breeding and nonbreeding seasons. The immunoreactivity of TrkA was highest in the elongated spermatids, whereas p75 in spermatogonia and spermatocytes in testes of the breeding season. In the nonbreeding season testes, TrkA showed positive immunostainings in Leydig cells, spermatogonia and primary spermatocytes, while p75 showed positive signals in spermatogonia and primary spermatocytes. Consistent with the immunohistochemical results, the mean mRNA and protein level of NGF and TrkA were higher in the testes of the breeding season than in non-breeding season, and then decreased to a relatively low level in the nonbreeding season. In addition, the concentration of plasma gonadotropins and testosterone were assayed by radioimmunoassay (RIA), and the results showed a significant difference between the breeding and nonbreeding seasons with higher concentrations in breeding season. In conclusion, these results of this study provide the first evidence on the potential involvement of NGF and its receptor, TrkA and p75 in the seasonal spermatogenesis and testicular function change of the wild ground squirrel.
Testicular expression of NGF, TrkA and p75 during seasonal spermatogenesis of the wild ground squirrel (Citellus dauricus Brandt) Introduction
The nerve growth factor (NGF) is one kind of neurotrophins (NTs), which are mainly involved in the survival and development of discrete neuronal populations in the central and peripheral nervous system. 1 The biological function of NGF requires two receptors p75 and TrkA to participate in. These two receptors have many specialties in different aspects. P75 is the low affinity receptor for NGF, which belongs to the tumor necrosis factor receptor superfamily. 2 TrkA is the high affinity receptor for NGF, which belongs to the tyrosine protein kinase receptor family. 3 Accumulating studies to date have suggested that the function of NGF is not only limited to the nervous system, but also extended to the non-nervous systems, including the male and female reproductive systems. [4] [5] [6] In recent years, the studies of NGF and its receptors in reproductive system largely focus on the immunolocalization and expression of NGF system in reproductive organs, 7, 8 the functional role of NGF system in the follicular development 9, 10 and in spermatogenesis. [11] [12] The studied species range from experimental models, such as rat, 7, 8, 11 mouse 12 and golden hamster, 13, 14 to primate 15 and human. 16, 17 Our previous results indicated that NGF and its receptors may be involved in the regulation of seasonal changes in the ovarian and uterine functions of wild female ground squirrels. [18] [19] [20] However so far, whether NGF and its receptors also are present or not in the testes of wild rodents and their possible roles in seasonal spermatogenesis remain utterly unknown.
Reproductive strategies of seasonal breeders are adapted to annual changes of the environment, which minimize the animals' energetic efforts for reproduction. The wild ground squirrel (Citellus dauricus Brandt) is a typical seasonal breeder, with a short breeding season lasting from April to May and a long period of sexual dormancy from June to the following March. 21, 22 With this model, our laboratory has recently explored the coordinated roles of steroid hormones and local growth factors in the seasonal regulation of the functions of the reproductive organs, such as testis, epididymis, ovary and uterus. [18] [19] [20] [21] [23] [24] [25] [26] [27] [28] [29] [30] Yet, there are still many limitations in the understanding of the basic mechanisms underlying seasonal changes in spermatogenesis and testicular activity. Thus, the aim of the present study was to determine the regulated expression of NGF and its receptors in testes during the breeding and nonbreeding seasons, and to know the primary role of NGF in seasonal spermatogenesis in the wild ground squirrel.
Materials and Methods

Animals and sample collection
Thirty-eight wild male ground squirrels (23 in breeding season and 15 in non-breeding season), which were thought to be adult based on their body weights (242~412 g), were captured from April to September of 2011 in Hebei Province, China. The animals were decapitated after anesthesia using diethyl ether. Plasma samples were immediately collected and stored at -20°C. The testes were excised from each body after necropsy. Each obtained testis was cut into 2 portions: one portion was fixed in 4% paraformaldehyde in 0.05 M PBS, pH 7.4 for immunohistochemical staining, and the second portion was immediately stored at -80°C until used for Western blot detection and reverse transcription PCR. All the procedures on animals were carried out in accordance with the Policy on the Care Western blot. These three antibodies were used at dilutions of 1:200 in PBS/0.5% BSA and dilutions of 1:500 in TBS/0.1% Tween20 for immunohistochemistry and Western blot, respectively. The specificity of these antibodies in the wild ground squirrel was confirmed and described previously. [18] [19] [20] Immunohistochemistry Five testes samples in each season were used for immunohistochemistry detection. The paraffin sections of testes were cut and incubated with 10% normal goat serum to reduce background staining caused by the secondary antibody. The sections were then incubated with polyclonal primary antibodies against NGF, TrkA or p75 for 12 h at room temperature. Thereafter, the sections were incubated with the secondary antibody goat anti-rabbit lgG conjugated with biotin and peroxidase with avidin, using a rabbit ExtrAvidin staining kit (Sigma-Aldrich, St. Louis, MO, USA), followed by visualization with 30 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 150 ml of 0.05 mol Tris-HCl buffer, pH 7.6, plus 30 μl H 2 O 2 . Finally, the reacted sections were counterstained with hematoxylin solution (Merck, Tokyo, Japan). The antibodies were mixed with the excess relative antigens (NGF antigen: SRP3015, Sigma-Aldrich; TrkA antigen: ab116686, Abcam, Cambridge, MA, USA; p75 antigen: SRP2026, Sigma-Aldrich) according with the molecular ratio of antibody: antigen 1:10 and incubated in 4°C for overnight, which were used instead of first antibodies in the control sections.
Western blot
Five testes samples in each season were used for Western blot detection. Testicular tissue was weighed and diced into small pieces using a clean razor blade. Tissue was homogenized in a homogenizer containing 300 µL of 10 mg/mL PMSF stock and incubated on ice for 30 min, maintaining temperature at 4°C throughout all procedures. Homogenates were centrifuged at 12,000xg for 10 min at 4°C. Protein extracts (25 μg) were mixed with an equal volume of 2× Laemmli's sample buffer. Equal amounts of each sample were loaded and run on a 12% SDS-PAGE gel at 18V/cm and transferred to nitrocellulose membranes using a wet transblotting apparatus (Bio-Rad Laboratories, Richmond, CA, USA). The membranes were blocked in 3% BSA for 1 h at room temperature. Primary incubation of the membranes was carried out using rabbit anti-NGF antibody, rabbit anti-TrkA antibody and rabbit anti-p75 for 60 min. Secondary incubation of the membrane was then carried out using a 1:1000 dilution of goat anti-rabbit IgG tagged with horseradish peroxidase for 60 min. Finally, the membrane was colored with 25 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 25 ml TBS-T buffer (0.02 M Tris, 0.137 M NaCl, and 0.1% Tween-20, pH 7.6) plus 3 μl H 2 O 2 . Preabsorptions of the antibodies were performed with an excess of relative antigens (NGF antigen: SRP3015, Sigma-Aldrich; TrkA antigen: ab116686, Abcam; p75 antigen: SRP2026, Sigma-Aldrich) according with the ratio of 1:10 as antibody:antigen in 4°C overnight and the preabsorbed antibodies in place of the primary antibodies were applied for the negative control. The intensities of the bands were quantified using Quantity One software (ver. 4.5, Bio-Rad Laboratories) and expression ratios were calculated.
RNA isolation
Total RNA was isolated from testicular tissues of wild ground squirrels (five samples for each season) using Trizol® Reagent (Invitrogen, Carlsbad, CA, USA). Approximately 0.1 g of testicular tissues were thawed and immediately homogenized in 1 mL of Trizol Reagent. The homogenate was incubated for 5 min at room temperature to allow the complete dissociation of nucleoprotein complexes. After the addition of 0.2 ml of chloroform, the mixture was vigorously shaken for 15 s at room temperature and centrifuged at 12,000Xg for 15 min at 4°C. The aqueous phase was then transferred to a fresh tube and an equal volume of isopropanol was added. Then the sample was kept for 10 min at room temperature. RNA was precipitated by centrifugation at 12,000Xg for 10 min at 4°C. The RNA pellet was washed twice with 70% ethanol and dissolved in 50 μL of diethylprocarbonatetreated water. The integrity of RNA was tested by gel electrophoresis and its concentration was measured with spectrophotometer.
RT-PCR
The first-strand cDNA from total RNA was synthesized using StarScript II Reverse Transcriptase and Oligo (dT) 18 by TIANScript RT Kit (Tiangen, Beijing , China). The 20 μL of reaction mixture contained 3 μL of total RNA, 1 μL of Oligo (dT) 18 , 1 μL of 10 mM deoxyribonucleoside triphosphate (dNTP), 4 μL of 250 Mm Tris-HCl (pH 8.3), 375 mM KCl and 15 mM MgCl 2 , 2 μL of 0.1 M dithiothreitol, 0.5 μL of RNase Inhibitor and 200 U of StarScript II enzyme. The 25 μL of reaction mixture contained 2 μL of first-strand cDNA, 0.5 μM each primer, 1.5 mM MgCl 2 , 0.2 mM dNTP, 20 mM Tris-HCl (pH 8.4) and 2.5 U of Taq polymerase (Tiangen). The amplification was under the following condition: 94°C for 3 min for the initial denaturation of the RNA/cDNA hybrid, 35 cycles of 94°C for 30 sec, 51°C for 30 sec and 72°C for 1 min with a final extension of 10 min at 72°C. The first-strand cDNA was used for PCR amplification with the following primers as described by Li et al. 18 ( Table 1 ). The primer set was intron spanning. The PCR product was electrophoresed in the 1% agarose gel and individual bands were visualized by ethidium bromide (EB) staining. DEPC treated water was used instead of cDNA as negative control. The housekeeping gene, RpL7, was selected as the endogenous control. The intensities of the bands were quantified using Quantity One software (ver. 4.5, Bio-Rad Laboratories) and expression ratios were calculated.
Hormone assay
Thirty-eight plasma samples were used for hormone assay. Plasma concentrations of testosterone (T) were determined by an RIA kit (Kit 02010304024; China Diagnostics Medical Corporation, Beijing, China) that was designed for the detection of rat hormones. Plasma samples of the wild ground squirrels were sent to the Beijing North Institute of Biological Technology for the detection of T. The intra-assay variation and the inter-assay variation were less than 10.3% and 15.4% for T, respectively. The detection limit of sensitivity was 0.1 pg/mL for T and the detection limit of T is 0.25 pg. Plasma concentrations of folliclestimulating hormone (FSH) and luteinizing hormone (LH) were measured by double-antibody RIA systems using a rabbit antiserum against human FSH (#6; provided by NIDDK NIH, Bethesda, MD, USA) and a rabbit antiserum against ovine LH (YM #18; provided by Dr Y. Mori, Laboratory of Veterinary Ethology, University of Tokyo, Japan). The antisera used for LH and FSH were anti-rat LH-S-10 and antirat FSH-S-11, respectively. Iodinated preparations for LH and FSH were rat LH-I-7 and rat FSH-I-7, respectively. The standard for LH and FSH were rat LH-RP-2 and FSH-RP-2, respectively. The detection limit of LH and FSH are 0.003 ng/mL and 0.009 ng/mL, respectively. The intra-and inter-assay coefficients of variation Original Paper 
Statistical analysis
Mean values (± SD) were calculated and analyzed using one-way ANOVA. Duncan's multiple range test was used for detection of significant differences using the SPSS computer package. Differences were determined to be statistically significant when P<0.05.
Results
Variations in testicular histology and spermatogenesis
The testes of the breeding and nonbreeding seasons were observed morphologically and histologically (Figure 1 ). In line with our previous reports, both the testicular weight and volume were markedly higher in the breeding season than those in the nonbreeding season ( Figure 1 a,b ; P<0.01). All types of spermatogenic cells including spermatozoa were found in the breeding season (Figure 1c) , whereas spermatogonia and primary spermatocytes were present in seminiferous tubules in the nonbreeding season (Figure 1d ). Based on the HE staining of the serial sections, we also quantified the numbers of different levels of spermatogenic cells (Figure 1 e,f) .
Testicular immunoreactivity of NGF, TrkA and p75 changes during the breading and nonbreeding seasons
Immunohistochemical staining for NGF and its receptors TrkA and p75 in the testes during the breeding and nonbreeding seasons are shown in Figure 2 . Marked changes in immunolocalization of NGF and its receptors TrkA and p75 were observed between the two different reproductive seasons. In the breeding season, the strong immunoreactivity for NGF was found in Leydig cells and Sertoli cells (Figure 2a) . Positive staining was also observed in the nonbreeding season ( Figure  2g ). Regarding the receptors, TrkA was mainly localized in elongated spermatids (Figure 2b ) and the positive signal of p75 was detected in spermatogonia and spermatocytes in the breeding season testis (Figure 2c with preabsorbed primary antibodies (Figure 2  d-f, j-l) .
Changes in testicular protein and mRNA expressions of NGF, TrkA and p75 during the breading and nonbreeding seasons
The protein and mRNA expression levels of NGF, TrkA and p75 using Western blot and RT-PCR, and representative bands were shown in Figure 3 . The intensity of each band was normalized to the level of b-actin and RpL7, used as the endogenous control, for Western and RT-PCR detections, respectively. Both the protein and mRNA expression levels of NGF ligand and its receptors were significantly higher in the breeding season when compared to the nonbreeding season, basically inconsistent with the immunohistochemical results ( Figure  3 a- (Table 2) , which not only confirmed the specificity of RT-PCR primers but also suggested high affinities of NGF, TrkA and p75 genes among the wild ground squirrel and the species compared.
Plasma concentration of LH, FSH and testosterone
The profiles of plasma LH, FSH and T are shown in Figure 4 . Plasma LH, FSH and T concentrations were all remarkably higher in the breeding season as compared to the nonbreeding period ( Figure 4 a-c; P<0 .01).
Discussion
To our knowledge, this is the first study to investigate the expression pattern of NGF system in the testes of a wild rodent, which shows that the expression of NGF is correlated with the changes of plasma LH, FSH and T concentration during the breeding and nonbreeding seasons. These findings suggest that NGF and its receptors TrkA and p75 may be involved in the regulation of seasonal changes in spermatogenesis and testicular function of the wild ground squirrels.
Accumulating evidence has proved the presence and potential function of NGF and its receptors in the reproductive system, in addition to their well-known roles within the nervous system. [6] [7] [8] [9] [10] [11] [12] [13] [14] In adult male rat, NGF was found in Leydig cells, primary spermatocytes in the testis, while TrkA was detected in elongated spermatids and p75 in Sertoli cells, Leydig cells, primary spermatocytes and elongated spermatids. 7 In Japanese monkey, Leydig cells, Sertoli cells and spermatogonia at various stages were positively stained for NGF, as well as for TrkA and p75. 15 In human testis, strong immunocytochemical expression of TrkA and p75 was present in Leydig cell, and Sertoli cells and some cellular elements of the seminiferOriginal Paper ous epithelium. 16 Even though the results seem species-specific, the presence of NGF system in the testis is indisputable. The present study, for the first time, reported the localizations of NGF and its receptors TrkA and p75 within the testis of wild ground squirrels as one of seasonal breeder. In general agreement with previous cases, we showed that NGF was mainly expressed in the Leydig cells and Sertoli cells, and the receptors were distributed in spermatogenic cells and/or somatic cell. On the other hand, in vitro studies using different cell lines have indicated that NGF acts as an autocrine/paracrine factor between somatic cells and spermatogenic cells. 11, 31 The in vivo study in rat further confirmed that NGF might be a meiotic growth factor acting in a paracrine manner through Sertoli cells, as the mRNA and protein of NGF and p75 were expressed at all stages of the cycle of rat seminiferous epithelium. 32 Therefore, according with the results in the present study, NGF and its receptors TrkA and p75 may influence the testis function via autocrine/paracrine pathway in the wild ground squirrel.
As an autocrine/paracrine factor, the specific role of NGF system in the testis is still limitedly understood. In this study, considering the immunolocalizations of NGF and its receptors during the breeding season, which showed that NGF was expressed in Leydig cells and Sertoli cells, TrkA was expressed in elongated spermatids, and p75 was expressed in spermatogenic cells, it is reasonable to deduce that NGF synthesized by somatic cells might bind with its receptors expressed in germ cells to regulate germ cell meiotic differentiation during the active spermatogenesis of the wild ground squirrel. The similar hypothesis was supported by a previous study in rats. The results of in vivo and in vitro experiments in rats showed the -NGF could affect the number of different stages of spermatogenic cells though the receptors expressed in germ cells.
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The different localizations of TrkA and p75 in testes of wild ground squirrels also indicated varied functions of TrkA and p75 in testes. Indeed, the different signaling pathways activated by TrkA and p75 have been shown in neurons and prostate cancer. 33, 34 Even though further evidence on the different signaling pathways in testes of wild ground squirrels need to be obtained, the present results suggest that NGF might influence the germ cell meiotic differentiation through its receptors expressed in different stages of spermatogenic cells in testes of wild ground squirrels during the breeding season. In breeding nonbreeding season, the immunolocalization of TrkA was changed in different stages of spermatogenesis, which is not specific in wild ground squirrels. In testes of newborn and adult rats, the immunolocalizations of TrkA were presented in different type of cells. 35 The different immunolocalizations of NGF receptors in uterus of cyclic hamsters were found, which may be related to the change of estrogen and progesterone in uterus. 36 Based on these data, we suspect that the different immunolocalization of TrkA in different seasons may be related to the hormone microenvironment in testes of wild ground squirrels. In addition, NGF secreted by Leydig cells passing through the blood-testis barrier is the prerequisite for NGF to react with its receptors in the germ cells. Although the exact mechanism for NGF passing though the blood-testis barrier is still unclear, many studies on the transportation through the blood-testis barrier suggested that many specific transporters, such as organic anion transporter 6, vitamin C transporters and carnitine transporters, existed in the blood-testis barrier. [37] [38] [39] These reports indicated that one possible way for NGF to pass through the blood-testis barrier was via binding the specific transporters. Another point which should be also concerned is that the Sertoli cell is highly dynamic and therefore the structure of the blood-testis barrier undergoes remodeling (opening and closing) during the process of spermatogenesis. 40, 41 In the present study, both Western blot and RT-PCR analysis showed that there were significant changes in the testicular expression of NGF and its receptors between breeding season and nonbreeding season. Meanwhile, the testicular activity of NGF system showed a positive correlation to the level of plasma LH, FSH and testosterone concentration, which changed significantly between the breeding season and nonbreeding season with higher concentrations in breeding season. There data indicates that FSH/LH and/or testosterone might induce the expression of NGF in testes of wild ground squirrels. And indeed, the previous researches support this idea. In golden hamsters, hCG injection induced the expression of NGF, TrkA and p75 in ovarian interstitial cells, and LH antiserum injection will decrease the expression of NGF expression in ovarian interstitial cells. 14, 42 In the culture of sheep follicle shells, the production of NGF became apparent in the presence of both LH and FSH, and showed a clear dose-response behavior. 43 In the cultured bovine oviduct epithelial cells, the levels of NGF mRNA were greater in cells treated with exogenous FSH or LH than those in negative control cells. 44 Considering these data, it can be speculated that FSH/LH could induce the expression of NGF in testes of wild ground squirrels. Furthermore, several studies have already suggested that testosterone could increase the expression of NGF. 45, 46 For instance, a testosterone treatment was able to increase NGF expression in rat brain 45 or mouse submaxillary glands. 46 Given this, it is reasonable to suggest that increased testosterone by FSH/LH may also induce the expression of NGF in the wild ground squirrel testis. Our previous studies on testes suggested there were significant changes in testicular weight, size and spermatogenesis score between breeding season and nonbreeding season in testes of wild ground squirrels. 21, 23, 24 Therefore, the present study suggests that there are coordinated roles of plasma LH, FSH and T and NGF in the seasonal reproduction of the wild ground squirrel.
Yet, the mechanism underlying the seasonal testicular morphology and function variation remains elusive. Our previous publication implied that correlated with changes in plasma LH, FSH and estradiol-17b concentrations, NGF system may be involved in the regulation of seasonal changes in the ovarian functions of wild female ground squirrels. 20 The data from the present study successfully fills in the gap of neurotrophin expression in the testis of a seasonal breeder and suggested that NGF system might be actively involved in the seasonal changes in spermatogensis and testicular activity. As we recently found that spermatogensis and testicular function of the wild ground squirrel re-activated during, instead of after, winter hibernation, 30 it will be interesting to further investigate if NGF system also plays a role in this particular process, when the activity of nervous system reaches the low level, for the future research.
